The epothilones are naturally occurring, cytotoxic macrolides that function through a paclitaxel (Taxol)-like mechanism. Although structurally dissimilar, both classes of molecules lead to the arrest of cell division and eventual cell death by stabilizing cellular microtubule assemblies. The epothilones differ in their ability to retain activity against multidrug-resistant ( Paclitaxel (Taxol**), Fig. 1 , is currently used as the front-line therapeutic agent in a variety of solid forms of cancer including ovarian, breast, colon, lung, and liver neoplasms (1). Acquired resistance to paclitaxel and other commonly used cancer chemotherapy agents may be mediated by a number of mechanisms, including overexpression of the energy-dependent drug-transport protein P-glycoprotein (ref. 2, and references therein). Broad-spectrum resistance to structurally and mechanistically diverse anticancer agents constitutes the multidrugresistance (MDR) phenotype. A search for paclitaxel analogues with improved performance in vitro and in vivo has met with limited success (3, 4), although certain MDR reversal agents appear promising when coadministered with the anticancer agent (5).
Paclitaxel (Taxol**), Fig. 1 , is currently used as the front-line therapeutic agent in a variety of solid forms of cancer including ovarian, breast, colon, lung, and liver neoplasms (1) . Acquired resistance to paclitaxel and other commonly used cancer chemotherapy agents may be mediated by a number of mechanisms, including overexpression of the energy-dependent drug-transport protein P-glycoprotein (ref. 2 , and references therein). Broad-spectrum resistance to structurally and mechanistically diverse anticancer agents constitutes the multidrugresistance (MDR) phenotype. A search for paclitaxel analogues with improved performance in vitro and in vivo has met with limited success (3, 4) , although certain MDR reversal agents appear promising when coadministered with the anticancer agent (5) .
Although the 16-membered ring structure of the epothilones bears little structural resemblance to paclitaxel, the two agents share a common cellular mechanism of action (6) (7) (8) . Both the epothilones and paclitaxel exert their biological effects by stabilizing microtubule assemblies, thus leading to the arrest of cell division and eventual cell death. By far the most intriguing property of the epothilones at the in vitro level is their lack of cross resistance to MDR cell lines when compared with major antitumor agents, including paclitaxel, vinblastine, adriamycin, camptothecin, and etoposide, all of which are currently used in clinical settings (6) (7) (8) (9) . The epothilones are also more watersoluble (6, (10) (11) (12) ) and more readily available through chemical synthesis (6, (13) (14) (15) (16) (17) (18) (19) (20) than is paclitaxel. The solubility advantage could allow for less cumbersome administration and increased bioavailability of the chemotherapy agent than paclitaxel. The synthetic advantage would be useful in generating epothilone congeners more advantageous than the natural product.
We recently reported that Z-12, 13 -desoxyepothilone (dEpoB; Fig. 1 ), a synthetic intermediate en route to epothilone B, † † demonstrated promising activity both in vitro and in murine models harboring tumor xenografts (6, 21) . In the previous report, we also showed that dEpoB was Ͼ35,000-fold more potent than paclitaxel in inhibiting cell growth of DC-3F͞ADX in vitro. During the earlier in vivo pharmacologic evaluations of the epothilones, both dEpoB and paclitaxel were administered with dimethyl sulfoxide (DMSO) as a solvent by using i.p. injection (6, 22) . However, i.v. administration is more appropriate for paclitaxel than for dEpoB, resulting in higher efficacy and lower toxicity. Because the primary focus of this research was to compare dEpoB and paclitaxel, we adjusted the administration of dEpoB to correspond to conditions optimal for paclitaxel.
For this report, we used i.v. injection and adopted Cremophor͞ethanol (1:1) as a solvent for drug administration, conditions of administration that correspond closely to those optimal for paclitaxel. The use of Cremophor͞EtOH solvent for prolonged and͞or repeated i.v. infusion of dEpoB led to markedly improved therapeutic effects against MDR, refractory tumors, and non-MDR human tumor xenografts in which full curative effects have been achieved for MX-1 and CCRF͞CEM.
METHODS
Chemicals. dEpoB (NSC-703147) used in this study was obtained in our laboratory through a modified, practical total synthesis as described (20) . For in vivo studies, dEpoB was dissolved in Cremophor͞EtOH (1:1) vehicle unless otherwise indicated. Cremophor EL was purchased from Sigma. PacliThe publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked ''advertisement'' in accordance with 18 U.S.C. §1734 solely to indicate this fact.
© 1998 by The National Academy of Sciences 0027-8424͞98͞9515798-5$2.00͞0 PNAS is available online at www.pnas.org. Animals. Athymic nude mice bearing the nu͞nu gene were used for all human tumor xenografts. Outbred, Swissbackground mice were obtained from Taconic Farms. Male mice 6-10 weeks old weighing 20-26 g were used for most experiments. For i.v. injection or i.v. infusion, the drug was administered via the tail vein. Each individual mouse was confined in a restrainer for a 30-to 120-min drugadministration period, whereas for 6-to 24-hr drug administration by i.v. infusion, the mouse was free to move about in a cage with the needle secured by tape. Tumor volume was assessed by measuring length ϫ width ϫ height (or width) using a caliper. The Harvard PHD2000 syringe pump (Harvard Apparatus) with multitrack was used for i.v. infusion. Typically, the infusion volume for dEpoB in Cremophor͞ EtOH (1:1) was 100 l ϩ 2.5 ml of saline for a 2-or 6-hr infusion and 100 l ϩ 4 ml of saline for a 24-hr infusion. All animal studies were conducted in accordance with the guidelines of the National Institutes of Health ''Guide for the Care and Use of Animals'' and protocol reviewed by the Memorial Sloan-Kettering Cancer Center's Institutional Animal Care and Use Committee. In keeping with the policy of this committee for the humane treatment of tumor-bearing animals, mice were euthanized when tumors reached Ն10% of their total body weight.
Tumor and Cell Lines. The MX-1 human breast carcinoma xenograft used in this study has been used for many years in the National Cancer Institute screening panel of experimental tumors and thus is well characterized (23) . The CCRF-CEM human T cell acute lymphoblastic leukemia cell line and its vinblastine-resistant subline (CCRF-CEM͞VBL) were obtained from W. T. Beck (University of Illinois, Chicago, IL). CCRF-CEM͞paclitaxel cell line was developed in this laboratory (T.-C.C.) using continuous exposure of CCRF-CEM cells with increasing and sublethal (IC 50 Ϸ IC 90 ) concentrations of paclitaxel for 10 months. The fresh medium with paclitaxel was replenished every 7-12 days. The CCRF-CEM͞paclitaxel cell line exhibited 57-fold resistance to paclitaxel (IC 50 ϭ 0.12 M) when compared with original CCRF-CEM cells at the beginning of the experiment (IC 50 ϭ 0.0021 M; see Table 1 ). Human mammary adenocarcinoma MCF-7 cells and their doxorubicin-resistant subline (MCF-7͞Adr) and murine lymphoid leukemic cells (P388 and P388͞Adr) were obtained from the cell bank of the Pharmacology Core Laboratory of the Sloan-Kettering Institute for Cancer Research. P388͞Adr cells were selected in P388 ascites tumor-bearing B6D2 F 1 mice by repeated challenge with sublethal doses of DX. To maintain the drug-resistant phenotypes, the resistant cell lines were cultured once every month in the presence of the selecting agent (DX, VBL, or paclitaxel) at approximately their IC 50 concentrations. The cells then were resuspended in fresh media for a minimum of 4 days before each assay or transplantation. The following human cancer cells were obtained from American Type Culture Collection: mammary carcinoma, MX-1; ovarian adenocarcinoma, SK-OV-3; lung carcinoma, A549; colon adenocarcinoma, HT-29; and prostate adenocarcinoma, PC-3.
Cytoxicity Assays. The cells were cultured at an initial density of 5 ϫ 10 4 cells per ml. They were maintained in a 5% CO 2 -humidified atmosphere at 37°C in RPMI medium 1640 (GIBCO͞BRL) containing penicillin (100 units͞ml), streptomycin (100 g͞ml) (GIBCO͞BRL), and 10% heat-inactivated fetal bovine serum. For solid tumor cells growing in a monolayer (such as MX-1 or MCF-7͞Adr), cytotoxicity of the drug was determined in 96-well microtiter plates by using the sulforhadamine B method as described by Skehan et al. (24) for measuring the cellular protein content. For cells that were grown in suspension (such as CCRF-CEM or P388 and their sublines), cytotoxicity was measured by using the 2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-5-carboxanilide)-2H terazodium hydroxide (XTT)-microculture tetrazonium method (25) in duplicate in 96-well microtiter plates. For both methods, the absorbance of each well was measured with a microplate reader (EL-340, Bio-Tek, Burlington, VT). Each run entailed six to seven concentrations of the tested drugs. Dose-effect relationship data were analyzed with the median-effect plot (26) by using a previously described computer program (27) .
RESULTS

Relative Potency of Cell Growth Inhibition in Vitro.
The human tumor cells used in this report for the xenograft studies of dEpoB and paclitaxel in vivo also were compared for the relative susceptibility to these drugs for cell growth inhibition in vitro (Table 1) Cell growth inhibition in vitro was measured by SRB assay (24) for MX-1, MCF-7, MCF-7͞Adr, SK-OV-3, A-549, PC-3, and HT-29 cells after a 72-hr incubation, whereas for CCRF-CEM, CCRF-CEM͞ paclitaxel, P388, and P388͞Adr cells, XTT tetrazonium assay (25) was used. The IC50 values were determined for six to seven concentrations of each drug using a computer program (26, 27) . The numbers in parenthesis are folds of resistance based on the IC50 ratio when compared with the corresponding parent cell lines. The data for MCF-7, CCRF-CEM, and P388 and their sublines are in ref. 20. Pharmacology
that human ovarian SK-OV-3, lung A-549, and colon HT-29 tumor cells were similarly sensitive to paclitaxel and dEpoB, with paclitaxel being 3-to 4.5-fold more potent than dEpoB (Table 1) . In contrast, human prostate PC-3 adenocarcinoma cells have higher IC 50 values for both dEpoB and paclitaxel, with dEpoB being 3.6-fold more potent than paclitaxel. Murine P388 lymphoid leukemic cells selected in vivo for DX resistance were found to be 4-fold more resistant to doxorubicin and 111-fold resistant to paclitaxel, but dEpoB showed no cross resistance (Table 1) . Optimal Mode of Treatment. Table 2 shows the effects of different doses, formulations, routes, and schedules of drug administration on toxicity and therapeutic effect of dEpoB against MX-1 tumor in nude mice. In general, i.p. administration of dEpoB with DMSO showed good therapeutic effect and only moderate toxicity. At 35 mg͞kg every other day (Q2D) ϫ 5 i.p., dEpoB markedly reduced tumor size and 3 of 10 mice were cured. Shifting from DMSO to Cremophor͞ EtOH (1:1), Q2D ϫ 5 i.v. injection at 15 or 20 mg͞kg, i.p. injection at 20 mg͞kg, i.v. 2-hr infusion at 30 mg͞kg still was lethal (Table 2) .
Interestingly, 30 mg͞kg Q2D ϫ 6 doses with drug administration by i.v. infusion over a 6-hr period achieved total cure in five of five mice with no deaths. The same dosage given daily for 4 consecutive days proved lethal. dEpoB administration at 30 mg͞kg Q2D ϫ 4 doses but by i.v. infusion over a 24-hr period showed good therapeutic effect but appreciable toxicity. At 60 mg͞kg, Q4D ϫ 2 doses, administration of dEpoB over a 24 hr period by i.v. infusion led to both cure and lethality. Thus, dEpoB in Cremophor͞EtOH (1:1) 30 mg͞kg and Q2D ϫ 6 doses with-6 hr i.v. infusion appeared to be the optimal mode of treatment.
Therapeutic Efficacy Against Human Tumor Xenografts in Nude Mice. Although dEpoB performed similarly to paclitaxel against MX-1 tumor xenografts when administered i.p. in DMSO solvent (22) , marked toxicity and rather poor therapeutic effects were observed when dEpoB was administered i.p. in Cremophor͞EtOH (1:1). Likewise, far superior therapeutic effects were observed with i.p. administration of dEpoB in DMSO than i.p. administration of paclitaxel in Cremophor͞ EtOH formulation (21) . In light of these discoveries, we felt it was important to focus on conditions that are optimal for paclitaxel. When i.v. injection was used with either DMSO or Cremophor͞EtOH as a solvent, paclitaxel toxicity was markedly reduced and showed good therapeutic effects. Whereas dEpoB showed considerable toxicity in i.v. bolus injection (Table 2) , both dEpoB and paclitaxel (6-hr i.v. infusion, Q2D ϫ 5 doses, Cremophor͞EtOH solvent, at tolerable doses for each) showed marked therapeutic effects and achieved full cure for the non-MDR MX-1 tumor xenograft (Fig. 2) . Likewise, identical administration of dEpoB and paclitaxel against human colon HT-29 xenograft in athymic nude mice significantly diminished the established tumor.
For MDR-mammary MCF-7͞Adr xenografts, the therapeutic effect of dEpoB was far superior to paclitaxel (89% versus 27% average tumor-size reduction, respectively), although Q2D ϫ 5 doses, i.v infusion over a 6-hr period did not achieve a full cure with either paclitaxel or dEpoB (Fig. 3) . For comparison, DX, VBL, and VP-16 were injected i.v. Q2D ϫ 5 to nude mice bearing the refractory MCF-7͞Adr xenograft by using the manufacturers' formulations. In these experiments, DX demonstrated a lack of therapeutic effect even at the near-lethal dose, and both VBL and VP-16 showed little therapeutic effect (Fig. 3 ). For the cross-resistant CCRFCEM͞paclitaxel human T cell leukemic cells that were 57-fold resistant to paclitaxel, dEpoB achieved a full cure against the nude mice xenografts with dEpoB (Q2D ϫ 5 doses, 6-hr i.v. infusion), whereas paclitaxel given under exactly the same conditions showed no significant therapeutic effects (Fig. 4) .
Structure-Activity Relationships. Previous research from our laboratory (6, 14, 18) , and others (ref. 28 , and references therein), has allowed for division of the epothilones into zones with respect to their degrees of tolerance for structural modification. Previous investigations determined that modification of the functionality extending from C-12 was tolerated well. Table 3 depicts the relative effects of modifying functionality at C-12 as it relates to both the sensitive (CCRF-CEM) and resistant (CCRF-CEM͞VBL) cell lines.
In this account, we demonstrate further that the functional groups present on C-12 have a profound consequence on the ND, not determined (mice died). MX-1, human mammary carcinoma, 50 mg per mouse implanted s.c. into mice on day 0. Treatments started on day 10. Q2D, every other day. *DMSO: Dimethylsulfoxide 40 l per mouse; C͞EtOH: Cremophor͞EtOH (1:1), 100 l for i.p. injection; 100 l ϩ saline 0.2 ml for 1-min i.v. or 30-min injection; 100 l ϩ saline (3-5 ml) for 2-24 hr i.v. infusions. † Average tumor size of treated group͞average tumor size of the control group at 2 days after the last dose. ‡ B-16 melanoma tumor xenograph for this group; all other groups were for MX-1 xenografts. § Polyethylene glycol-400͞ethanol (10:1). ¶ The numbers in parenthesis refer to the number of days that mice, after the beginning of treatment, were tumor-free or the number of days before death due to toxicity after the beginning of treatment.
susceptibility of the compound to succumb to multidrug resistance (Table 3) . Thus, the more polar alcohol functionality provided analogues (compounds 4-6) that were MDR substrates and were presumably exported from the cell more efficiently by the drug-efflux transport P-glycoprotein. Interestingly, the length of the alkyl chain in the alcohol series significantly affects the multidrug-resistance susceptibility. By contrast, the analogues that are in the aldehyde oxidation state but protected as the ethylene glycol acetal (compounds 2 and 3) are active and show little resistance to MDR cell lines. The potency of the drug is related to the number of carbons between C-12 and the acetal linkage. Thus, the 3-carbon acetal (compound 3) is less potent that the 2-carbon acetal (compound 2). Interestingly, compound 2 is both resistant to drug efflux and is also 2-fold more potent against the sensitive tumor CCRF-CEM than lead compound dEpoB.
DISCUSSION
Our recent report (21) indicated that when administered i.p., dEpoB showed much better therapeutic results than paclitaxel against MX-1 and MCF-7͞Adr xenografts and significantly better therapeutic effects than adriamycin and camptothecin against MCF-7͞Adr xenografts in nude mice. However, an i.p. route of administration for dEpoB may lead to an unfair comparison with clinically used paclitaxel because a much higher maximal tolerated dose can be achieved for paclitaxel when it is administered either by i.v. injection or by infusion with a Cremophor͞EtOH formulation. This notion is substantiated by our finding (21) that similar antitumor efficacy can be reached when dEpoB (i.p. in DMSO) and paclitaxel (i.v. in Cremophor͞EtOH) are deployed against non-MDR SK-OV-3 ovarian tumor, wherein the dose for paclitaxel can be increased at least 3-fold over its i.p. route. Therefore, in the present studies, i.v. infusion with Cremophor͞EtOH as a vehicle was used for both dEpoB and paclitaxel. Indeed, both drugs showed remarkable therapeutic results against MX-1 with a complete cure. The onset of action for paclitaxel was faster (Fig. 2) . Likewise, both paclitaxel and dEpoB performed similarly against sensitive HT-29 colon xenografts when administered as above by slow i.v. infusion.
The most intriguing conclusions in this study are the indications that for cross-resistant, refractory tumors (such as MCF-7͞Adr or CCRF-CEM͞paclitaxel), the therapeutic effects of dEpoB are far superior than those of paclitaxel when each drug is administered over a 6-hr period by i.v. infusion using a Cremophor͞EtOH formulation (Figs. 3 and 4) . In fact, dEpoB actually diminished the established tumor and proved to be curative against CCRF-CEM͞paclitaxel, whereas paclitaxel showed no significant efficacy. Another impressive find- ing is that dEpoB displays remarkable antitumor effects against non-MDR human tumor xenografts as well as refractory human tumor xenografts resistant to widely used antitumor agents such as paclitaxel, adriamycin, vinblastine, and etoposide.
